neurosurgical focus
endplate preparation that would be optimal in the evolution of the development of the minimally invasive TLIF procedure into a fully endoscopic version.
methods
The soft tissues of 8 fresh-frozen human cadavers (4 males and 4 females with no history of previous spine surgery) were removed from L-1 to the sacrum, exposing the posterior bony elements. None of the specimens exhibited gross evidence of congenital or acquired spinal anomalies. Facetectomies were performed bilaterally at each lumbar level with resection of the pars interarticularis, revealing the pedicles, nerve roots, and interbody disc space. Each level was digitally photographed with a marker for scale and evaluated using digital analysis software (Scion Image). The traversing and exiting nerve roots and pedicle margins were identified, and the distances between these structures and their relationship to the surrounding structures were documented. A total of 80 foraminal levels were studied.
Results
The dimensions of 2 areas were measured: the working triangle and the safe zone. The working triangle is the triangle between the exiting and traversing nerve roots above the superior margin of the inferior pedicle (Fig. 1) . The safe zone is the trapezoid bound by the widths of the superior and inferior pedicles between the exiting and traversing nerve roots (Fig. 2) . The mean surface area for the working triangle was 1.83 cm 2 , with L5-S1 having the largest area at 2.19 cm 2 ( Fig. 3 and Table 1 ). The mean surface area for the safe zone was 1.19 cm 2 , with L5-S1 having the largest area at 1.26 cm 2 ( Fig. 3 and Table 1 ). The hypotenuse of our foraminal working triangle is the traversing nerve root. For each lumbar level evaluated, we measured 2 distances: the distance to the traversing nerve from the pedicle at the medial pedicle wall, and the distance to the traversing nerve from the pedicle at the lateral pedicle wall ( Fig. 4 and Table 2 ). At the medial border of the pedicle extending superiorly, there were no nerve structures within 1.19 cm at any level. On the lateral border of the pedicle, the exiting nerve root was closer superiorly, with the closest being 0.39 cm. The average distance to the traversing nerve from the pedicle was 1.79 cm at the medial wall and 1.00 cm at the lateral wall.
discussion
The TLIF procedure takes advantage of an anatomical corridor that allows for both decompression of the exiting and traversing nerve roots and access to the interbody space in order to achieve simultaneous decompression and fusion. The potential advantages of converting a minimally invasive TLIF to a surgery performed under fully endoscopic visualization include a smaller incision, decreased blood loss, shorter patient recovery time, and the possibility of performing the surgery without general anesthesia. 5, 8, [11] [12] [13] The significant anatomical feature of the lumbar neural foramen that makes endoscopic TLIF a challenge is the small working area between the traversing and exiting roots through which 1) a large amount of facet bone and disc material must be removed to achieve satisfactory nerve decompression, 2) sufficient endplate preparation
FIg. 1. Cadaveric demonstration of the working triangle in the L5-S1
neural foramen. The working triangle is the triangle between the exiting and traversing nerve roots above the superior margin of the inferior pedicle.
FIg. 2. Cadaveric demonstration of the safe zone in the L3-4 neural
foramen. The safe zone is the trapezoid bounded by the widths of the superior and inferior pedicles between the exiting and traversing nerve roots. 2 ) of the working triangle and safe zone at each neural foramen calculated from 8 cadaveric specimens. must be performed, and 3) an interbody implant and fusion substrate must be inserted. Adequate neural decompression, sufficient endplate preparation, and interbody device delivery are the 3 most significant challenges in the evolution of the minimally invasive TLIF procedure to becoming an endoscopic procedure. The data presented here indicate that a safe zone area that is the width of the pedicle exists at the neural foramen and is about 1.2 cm 2 in size. The average width of the space between the inferior pedicle and the exiting nerve is 1.79 cm at the medial border of the pedicle and 1 cm at the lateral border of the pedicle; these dimensions are in the realm of standard nonexpandable interbody cages.
FIg. 3. Mean area (cm
Several earlier studies have looked at the detailed anatomy of the lumbar neural foramina with respect to determining the maximum working channel size suitable to performing endoscopic discectomy procedures. 1, 9, 10, 15 Mirkovic et al. described the dimensions of the safe margins for a working cannula in the neural foramen in 1995 and determined that a cannula placed in line with the medial one-third of the pedicle could sustain a safe average diameter of 7.5 mm. 10 Min et al. in 2005 determined the mean distance between the exiting nerve root and the superior articulating process to be 11.6 mm, which is sufficiently smaller than our own determination of 15.5 mm for the average distance between the exiting and traversing nerve roots at the top of the base of the working triangle with the superior articulating process removed. 9 These studies and earlier versions of the endoscopic discectomy procedure did not account for the possibility of the minimally invasive removal of the superior articulating process to expose the traversing nerve root. The data presented here provide measurements of the foraminal content dimensions with simulated foraminal bone removal.
Percutaneous endoscopic TLIF has been described previously in clinical studies 4, 16 and in a 3D surgical simulation and cadaveric experiment. 13 In one clinical study, the authors admitted to a 36% complication rate and did not recommend the procedure unless "decisive technical improvement" was made. 4 The anatomical data presented here describe the boundaries for future technical advancements in order to make minimally invasive endoscopic TLIF feasible, essentially opening the door for a dynamic solution to what was a static problem. Once the disc space is accessed safely at the safest point in the working zone, the necessary bone and disc removal for decompression and fusion preparation could be performed, as well as dynamic disc space distraction. Earlier versions of the endoscopic discectomy technique accessed the disc space in the center of the disc at about the middle of the pedicle and from a less lateral starting point. More modern endoscopic approaches access the inferior disc space-superior endplate junction at the medial wall of the pedicle. Once in the disc, we suggest the concept of shared circumferential distraction-retraction: incremental disc space dilation that achieves exponential (pr 2 ) increases in the area achieved for interbody implant placement at the cost of incremental nerve root distraction.
One other unique feature of transforaminal endoscopic discectomy, as it applies to the endoscopic TLIF procedure, is the angle of access to the disc space. The typical starting point for transforaminal endoscopic discectomy is 10 to 16 cm off the midline; this allows the starting needle to enter the disc space from an oblique trajectory just sliding off the ventral portion of the superior articulating process and entering the disc space just underneath the traversing nerve root. This more oblique access to the disc could allow for adequate neural decompression with removal of less than 50% of the facet bone. The result opens up the possibility of a stand-alone interbody fusion because less facet bone is removed (Jacquot and Gastambide performed stand-alone endoscopic TLIF in 81% of their 57 patients studied and found no difference in the fusion rates between instrumented vs stand-alone cases). 4 The data presented here represent only a cadaveric anatomical study on what are presumed to be normal neural foramina; this is not an endoscopic TLIF feasibility study. Several other points must be made before extrapolating these data to a clinical scenario: 1) the method used to remove the posterior bony elements in this study did not simulate performing this procedure endoscopically; 2) the preparation and preservation of the cadaver tissue used in a study like this, which looks at soft tissue in addition to bony and cartilaginous anatomy, can artificially impact the results; 3) the working and safe zone measurements presented here could vary widely in patients with spondylolisthesis and disc collapse, which are the typical pathologies treated with the TLIF procedure; and 4) the conjoined nerve roots or abnormal anatomy could also influence the ability to make generalizations based on this study.
conclusions
The working triangle between the exiting and traversing nerves in the lumbar neural foramen is a relatively large area. The safe zone, just superior to the pedicle, is free of nerve structures. By targeting the superior medial border of the inferior pedicle, the disc space can be accessed within this safe zone without risk of injury to the nerves. A thorough understanding of the foraminal anatomy is fundamental for considering how to safely access the disc space utilizing less invasive endoscopic techniques and is an important first step in considering what shapes and sizes of interbody implants and retractors are feasible for use in the foramen.
